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SUMMARY 


Rf  interaction  properties  of  several,  structures  suitable  for 
cold-cathode  high-power  magnetrons  have  been  investigated  analytically 
and  experimentally,  with  special  emphasis  on  increasing  the  under¬ 
standing  of  the  interaction  and  maximizing  the  area  of  coherent 
interaction  with  the  electron  beam  at  a  given  frequency.  The 
structures  analyzed  were  designed  for  large  mode  separation, 
maximum  interaction  impedance,  and  easy  coupling  to  the  output 
circuit. 
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I..  INTRODUCTION 


This  report  deals  with  the  rf  interaction  properties  of  several  anode 
structures  for  high-power,  cold-cathode  magnetrons.  Einphasis  is  on  under¬ 
standing  the  interaction  and  on  determining  how  the  region  of  coherent  inter¬ 
action  with  the  electron  beam  can  be  made  as  large  as  possible  at  a  given 
frequency  so  as  to  maximize  the  output  power. 

In  a  conventional  magnetron,  the  number  of  resonators  is  limited  by 
the  requirement  of  reasonable  separation  in  frequency  of  the  modes.  As 
the  number  of  resonators  increases,  the  mode  separation  of  even  the  "strapped" 
and  "rising-sun"  configurations  begin  to  be  insufficient. 

The  structures  investigated  in  this  report  were  chosen  as  (l)  suitable 
for  construction  in  the  cold-cathode  magnetron  experiments  in  this  Laboratory, 
(2)  possessing  large  mode  separation,  and  (3)  having  a  circuit  that  is  easily 
coupled  to  the  output  circuit. 

One  circuit  that  was  tried  was  a  corrugated  cylindrical  wall  with  inter¬ 
action  bars  and  coupling  channels.  This  circuit  has  a  60-percent  mode 
separation  but  a  rather  low  interaction  impedance  for  the  TMQ  mode,  since 
the  minimum  electric  field  occurs  at  the  wall. 

The  new  structures  analyzed  in  this  report  are  free  from  this  difficulty; 
however,  they  do  suffer  from  the  disadvantage  of  being  susceptible  to  possible 
multipactor  action  along  the  magnetic  field  resulting  from  the  rf  electric 
field.  This  problem  probably  can  be  avoided  by  a  careful  design  of  the  circuit. 

The  main  assumption  made  in  the  analysis  is  that  the  axial  length  of 
the  structure  is  much  shorter  than  a  free-space  wavelength,  so  that  field 
variations  along  the  structure  can  be  neglected.  Further,  it  is  assumed 
that  since  many  bars  oriented  parallel  to  the  axis  are  to  be  used  in  structure, 
the  capacity  between  them  and  the  cylindrical  wall  is  taken  to  be  uniformly 
distributed  along  the  cavity  circumference.  In  many  cases  the  capacity  between 
anode  and  cathode  is  neglected. 

MKS  units  are  used  throughout  and  only  the  symbols  given  other  than 
conmon  meaning  are  explained  in  the  text. 

II.  INVERTED  MAGNETRON  STRUCTURE 
A.  PROPOSED  ANODE  STRUCTURE,  SYMBOLS  AND  DEFINITIONS 


In  the  first  anode  structure  to  be  discussed  (Fig.  l),  the  points  at 
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TIG.  1. --Inverted  magnetron  structure. 

which  the  plate  electrodes  and  bars  are  connected  have  been  indicated  by 
dots.  The  slow-wave  structure  is  on  the  inside  and  is  surrounded  by  a  con¬ 
centric  cold  cathode  that  depends  on  secondary  emission  for  its  electron 
current.  The  TM^  mode  that  is  excited  in  each  cavity  makes  the  bars  alter¬ 
nately  plus  and  minus  and  consequently  provides  the  circumferential  rf  fields 
necessary  for  magnetron  operation.  There  is  a  dc  magnetic  field  in  the 
direction  of  the  z  axis. 

The  gap  between  the  plates  of  the  anode  structure  in  Fig.  1  is  denoted 
by  S  ,  a  parameter  chosen  so  as  to  minimize  the  multipactor  problem  and  to 
optimize  the  interaction  impedance.  In  general  S  is  small  and  as  a  conse¬ 
quence  the  capacitance  for  a  unit  cavity  is  large,  so  that  the  frequency  of  the 
cavity  is  insensitive  to  the  electron  beam  interaction  as  well  as  to  the 
proximity  of  the  cathode  cylinder.  For  this  reason  no  conventional  "straps" 
are  required  for  this  structure. 

-  ?  - 


( II.  INVERTED  MAGNETRON  STRUCTURE) 

B.  RESONANCE  FREQUENCY  FOR  THE  INDIVIDUAL  CAVITY 

The  anode  structure  shown  in  Fig.  1  is  made  with  a  large  number  of  bars. 

Their  effect  is  therefore  approximated  by  an  equivalent  uniform  capacitance  K 
per  unit  length  in  the  circumferential  direction  (Fig.  2).  The  edge  effect 


PIG.  2. --Equivalent  capacitance  /C  • 

of  the  plate  may  also  be  included  in  this  equivalent  capacity.  It  is  assumed 
that  only  the  z  component  of  the  electric  field  exists  inside  the  cavity 
because  the  gap  dimension  6  is  small. 

In  cylindrical  coordinates  the  solution  of  Pfaxwell's  equations  is 
given  by  the  following: 

=  E0  +  ^n^P^  cos  n0 

kE 

H0  =  "  J  ^  EJn'(kp)  +  C0S  ^ 


H  =  -  J  [Jn(kp)  +  Mn(kP^  sin  n(* 

P 

O  Q 

where  k  =  or  «  ^ i Q,  n  =  0,  ±  1,  -  2,  ...  and  A  =  -  Jn(kr)/Nn(kr).  Also, 
since  at  p  =  R,  H^Rj/vW  =  IpW/vW  =  jo tf,  where  K.  is  the  capacitance 
per  unit  length,  we  have 


J  -UR)  +  AN  >(kR)  HP 


The  resonant  frequency  for  the  various  modes  is  determined  by  the  above 
equations.  It  is  convenient  to  rewrite  these  equations  in  terms  of  sane  new 
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variables.  Letting  kR  =  2«R/  X.  Q  =  x,  where  ^  is  the  free-space  wavelength 
and  r/R  =  £  ,  we  have 


J  '(x)N  (ix)  -  N  '(x)<J  (£x)  Kfi 
B  (x,  X)  =  -2 - S - S - n -  =  «6_ 

n  J  (x)N  (lx)  -  N  (x)J  (  Jx)  *  R 

n  n  n  n  u 


(2a) 


The  capacitance  per  unit  length  between  parallel  bars  of  radius  a 
separated  a  distance  d  is 

CQ  -  x  «0/log  [(d  +  ^(d2  -  4a2)’]/2a  (3) 

Prom  Fig.  1 

K.  =  C0  A  /d 

As  an  example,  we  take  R  =66  mm,  £  =  l/8,  6  =3-5  mm,  A  =  5  mm, 
d  =  7-2  mm,  and  a  =  2.5  mm.  Then  *6/€0R  *0  .15.  The  resonant  frequency 

for  the  n  ■=  0  and  n  =  1  modes  can  be  determined  as  shown  graphically  in  Fig.  3- 

The  results  of  these  calculations  are  given  in  Fig.  4.  The  rate  of  mode 
separation  is  also  given. 

If  the  central  cylinder  is  removed,  kR  is  the  first  root  of  J0(kP)  =  0 

for  the  TMqq^  mode;  the  rate  of  mode  separation  is  about  60  per  cent.  The 

radial  dimension  of  the  cavity  resulting  from  Fig.  A  is  bigger  than  the 
cavity  for  ^(kR)  =  0  if  >  0.45  and  the  mode  separation  is  good  if  ■£  <  0.l4. 

This  structure  has  a  large  mode  separation  for  small  values  of  £  ; 
the  rate  of  mode  separation  is  not  significantly  affected  by  the  capacitance 
of  the  bars. 


C.  MEASUREMENT  OF  THE  RESONANT  FREQUENCY 


A  schematic  diagram  of  the  cavity  used  to  check  the  calculated  frequencies 
is  shown  in  Fig.  5.  The  cavity  was  excited  and  the  fields  in  the  cavity 
were  probed  by  small  antennas  inserted  into  holes  as  shown  in  the  figure. 

The  various  modes  of  oscillation  were  detected  by  perturbing  the  fields 
with  small  wires  that  could  be  inserted  into  the  drill  holes  at  various 
places  in  the  cavity. 

The  calculated  and  measured  frequencies  are  compared  in  Table  1.  The 
end  capacitance  per  unit  circumferential  length  is  taken  to  be  l/4  of  the 
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r/R  =  (C 


.--Results  of  the  calculation  of  resonant  frequencies. 
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FIG.  5. — Cavity  used  in  experimental  confirmation  of  calculated 
frequencies.  R  =  68  mm,  £  =  0.22.  (Dimensions  in  millimeters.) 


Table  1. --Resonant  frequencies  for  the  structure  of  Fig.  5 
(*6/€oR  *  1). 


Frequency  (Me) 

Mode 

Measured 

Calculated 

0 

957 

950 

1 

1326 

1287 

2 

2010 

- 

capacitance  of  a  coaxial  line  that  has  an  inner  radius  of  3  mm  and  an  outer 
radius  of  6  mm.  The  calculated  and  measured  values  agree  to  within  3  per  cent. 
In  the  calculation  of  the  resonant  frequency  for  this  case  it  was  possible 
to  assume  the  effective  radius  R  to  be  equal  to  l/2  the  distance  along  the 
gap  in  the  cross  section  of  Fig.  5;  it  is  also  assumed  that/C  is  equal  to 
0.  In  addition  to  the  tabulated  results  a  1308-Mc  mode  was  found.  This  is 
a  weakly  excited  n  =  1  mode  that  exists  in  the  coupled  structure. 

These  measurements  were  repeated  with  the  structure  shown  in  Fig.  6. 

The  results  of  these  measurements  are  given  in  Fig.  7.  This  structure  has 
many  resonances  because  of  the  complicated  coupling  of  the  structure.  These 
frequencies  are  shown  in  Fig.  7  in  relation  to  the  resonant  frequency  for  the 
single  cavity,  and  will  be  given  more  detailed  consideration  below.  Results 
of  another  experiment  with  a  similar  structure  but  of  different  dimensions 
are  shown  in  Table  2. 
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FIG.  6. — Alternate  inverted  structure.  (All  dimensions  in- 
millimeters.)  6  =  3-5;  A=  5.0,  d  =  1.2,  a,  2.5^f6/«0R  =  O.15. 
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FIG.  7. --Measured  spectra  (solid  lines)  and  calculated  frequencies  for 
unit  cavity  with  R  =  66.7  ram  (-•-•-)  and  for  cavities  at  both  ends  with 
R  =  72  m  ( - ). 


Table  2. --Resonant  frequencies  for  another  structure:  R  =  60, 

S  m  0.125,  6  -  3,  12,  d  =  10,  a  =  3,/C6/t0R  »0.2;  40  bars. 

Measured  frequencies  marked  by  an  asterisk  are  caused  by  end 
cavities  (cf.  Fig.  6). 


Mode 

(measured 

circumferentially) 

Frequency  (Me) 

Measured 

Calculated 

0 

660 

716 

(1) 

750* 

(890) 

0 

975* 

(890) 

1 

1125 

1175 

0 

1230 

- 

0 

1270 

- 

( II.  INVERTED  MAGNETRON  STRUCTURE  ) 


In  Fig.  7  the  detected  frequencies  are  classified  into  three  levels 
according  to  the  amplitude  of  the  oscillation.  The  amplitude  depends  on 
the  method  of  excitation  and  thus  the  classification  is  not  particularly 
valuable,  although  the  probes  were  situated  at  the  correct  positions  to 
measure  TM  modes.  The  agreement  of  theory  and  experiment  is  perhaps  better 
than  would  be  expected  in  view  of  the  approximations  used  in  determining 
the  constants. 

The  end-cavities  that  were  installed  for  the  purpose  of  terminating 
the  structure  have  a  resonant  frequency  different  from  that  of  the  main 
cavities.  Therefore  they  are  detected  as  a  different  group  and  are  shown 
both  in  Fig.  7  and  Table  2.  These  additional  modes  are  characterized  by  a 
certain  number  of  voltage  nodes  p  of  the  voltage  between  adjacent  bars  in 
the  z  direction.  In  Fig.  7  the  mode  for  758  Me  has  one  node  for  the  value 
of  p  and  the  configuration  given  in  Table  2  has  two  nodes  for  the  value  of 
p.  This  is  a  result  of  the  axial  length  of  the  latter  structure  being  twice 
as  long  as  that  of  the  former. 

These  additional  modes  can  be  avoided  by  selection  of  an  even  number 
of  main  cavities.  Then  the  end  plates  of  the  main  cavities  are  connected 
with  the  same  bars.  It  is  also  important  for  the  number  of  main  cavities 
to  be  even  from  the  viewpoint  of  eliminating  the  additional  end  cavities, 
which  generally  have  different  resonant  frequencies.  In  general  an  un- 
symmetrical  structure  at  both  ends  introduces  extraneous  modes.  Care  must 
be  taken  to  introduce  the  detecting  probe  and  exciting  antenna  so  as  not 
to  excite  extraneous  modes.  For  instance  if  the  probe  and  antenna  are  in- 

Q 

serted  in  the  radial  direction  separated  by  an  angle  of  120  ,  the  usual 
n  =  1  mode-region  has  several  n  =  3  modes  apparently  excited.  Similarly 

Q 

when  the  angle  is  90  some  of  the  n  *=  2  modes  are  excited. 

D.  AN  EQUIVALENT  CIRCUIT  REPRESENTATION 

We  can  synthesize  an  equivalent  circuit  for  the  structure  of  Fig.  1 
if  we  assume  that  the  two  bars  constitute  a  parallel-wire  transmission  line 
periodically  loaded  by  the  reactance  of  the  cavities  between  the  parallel 
plates.  This  equivalent  circuit  is  shown  in  Fig.  8.  The  symbol  Lg^  denotes 
the  reactance  that  changes  from  inductive  to  capacitative  as  the  frequency 
is  changed.  The  expression  for  Lg^  is 
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L  L  L 


FIG.  8. — Equivalent  circuit  for  the  structure  of  Fig.  1. 


-1 

L  *  — ~  ■  ■  ■ 
e*  go2C 

eq 

where  x  =  2xR/  and  C  *  r/R. 

The  quantity  C  in  Fig.  8  denotes  the  capacitance  between  the  bars  in  a 
length  A  and  should  also  contain  the  effect  of  the  plate  edges.  In  this 
calculation  we  shall  include  only  the  capacitance  between  the  bars  because 
the  effect  of  the  plate  edges  is  small  compared  to  the  other  terms  in  L 

eq 

Thus 


The  quantity  L  in  Fig.  8  is  given  approximately  by 


The  circuit  of  Fig.  8  is  a  lumped  continuous  transmission  line  made  up 
of  elementary  four-terminal  networks  such  as  shown  in  Fig.  9*  The  reactance 


«nHnR  6nnR  J  (x)N  (Cx)  -  N  (x)J  (Cx)  6n_R 

— - -  - - -  - B  lx, s; 

x  C  xd  J  ’(x)H  (Cx)  -  N  '(X)J  (fx)  xd  n 
eq  n  n  n  n 


11  - 


( II.  INVERTED  MAGNETRON  STRUCTURE  ) 


I 


JoL 


FIG.  9 . - -Four-terminal 


Uetwoj0|el 


ements  of  the  line  of  Fig.  8. 


Z  is  given  by 

Z  =  oiL  /(l  -  o>2CL  )  =  oiL  /  fl  -  (C/C  )"}  (7) 

eq'  eq  eq'  L  '  eq  J 

The  characteristic  impedance  and  the  phase  delay  S  of  the  wave 
propagating  along  the  bars  can  be  expressed  in  terms  of  the  open-circuit 
and  short-circuit  impedance  of  the  transmission  line: 

Z  =  ±  K/Z.Z 
c  V  0  s 

cos  0  =  cos  (3A  =  i  [l  -  (zs/ZqO 

where 

2A2  +  4ZcaL  +  co2L2 
^0  “  J  2(2Z  +  oiL) 

(8) 

Z  j  taL(2Z  +  mL)(*fZ  +  cuL) 

S  2(2Z2  +  ZoiL  +  cd2L2) 

Equation  (8)  is  a  good  approximation  for  the  n  «=  0  mode;  however,  it  is 
not  a  good  approximation  for  higher-order  modes  because  of  the  voltage 
variation  along  the  circumference  of  the  plates. 

From  Eqs.  (U)  through  (8)  the  phase  characteristic  diagram  and  the 
characteristic  impedance  as  a  function  of  frequency  have  been  calculated 
approximately  for  the  structure  shown  in  Fig.  6.  The  results  of  this  calcu¬ 
lation  are  shown  in  Fig.  10,  where  the  n  *  0  (TMQ01  and  and  the  n  ■  1 

(TM011)  modes  are  shown.  The  frequency  f  is  the  ordinate  and  the  abscissa 
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Frequency 
(kMc ) 


-  Zc/N(ohms) 


FIG.  10. — Phase  characteristics  and  characteristic  impedance 
for  the  structure  of  Fig.  6. 
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(II.  INVERTED  MAGNETRON  STRUCTURE  ) 

is  0  m  PA.  Also  on  the  abscissa  is  the  characteristic  impedance  Z  divided 
by  the  number  of  bars  N  (here,  6o). 

The  points  and  A  denote  the  conditions  where  the  wave  velocity  along 
the  bars  is  zero  and  C  and  L  have  the  value  corresponding  to  parallel 
resonance  for  each  mode  (Fig.  11a).  The  points  BQ  and  are  at  the  place 
where  the  conditions  for  series  resonance  exist  (Fig.  lib).  Two  groups  of 
circuit  elements  are  possible  for  such  series  circuit,  as  shown  in  Fig.  lib 
by  the  solid  and  dotted  lines.  The  points  CQ  and  are  another  resonant 
condition  that  can  occur  for  each  mode  (Fig.  11c).  The  phase  difference  per 
section  is  it  in  Fig.  lib  and  2 n  or  zero  in  Fig.  11c. 

The  resonances  of  the  structure  of  Fig.  6  are  easily  determined  from 
the  result  shown  in  Fig.  10.  Since  seven  main  cavities  are  used,  the 
resonant  conditions  are  given  by  pA  *  q«/7,  where  q  is  an  integer.  Thus, 
from  Fig.  10,  f  =  1250  Me  for  q  =  1  and  f  =  1755  Me  for  q  *  2  for  the  n  ■  0 
mode.  These  frequencies  are  a  little  higher  than  the  lowest  cutoff  frequency 
for  the  n  «=  1  mode,  which  explains  the  spectrum  of  Fig.  7. 

E.  CAVITY  LOSSES  AND  Q 


In  this  section  we  shall  obtain  an  estimate  of  the  value  of  Q  for  the 
unit  cavity  and  the  distribution  of  losses  along  the  cavity  surface,  assuming 
the  bars  to  be  absent.  The  power  dissipated  per  unit  area  is  given  by 


O’ 

P 


r  /  kj  f  r  Jn(k0r)  y 

f(^)  [jiV)-^~iW)J 


^a 


*s  /w  fj  /  x  jo(kor)  w  /  n 
2  U^0/  L  l  0r  ■  N0(k0r)  Nl(kOr)J 


(9a) 


The  maximum  value  of  the  time-average  stored  energy  density  is  given  by 

“n  knEn  T  I2 

.VTi^  fcM  -  5^7  W>J  <»> 


The  surface  resistance  is 


R 

s 


2d 


where  tr  is  the  conductivity  of  the  cavity  material. 


-  15  - 


(II.  INVERTED  MAGNETRON  STRUCTURE 


Total  power  dissipated  in  the  structure  is  given  by 

R 


PL  =  2 


J 


2>t  p  3  dp  +  2nr  6  3^ 


(10) 


The  total  stored  energy  is 


W  = 
s 


H 

I 


2*  p  cr  dp 


Using  the  relation  between  the  constant  and  the  voltage  at  the  gap  VQ  (Fig, 


vo  T  Jn^knr^  “| 

Eo  ■  f  [J°(koR>  -  yv7  ’,0<k°rU 

we  can  determine  the  cavity  losses  from  (9a)  and  deteimine  the  cavity  Q  from 

u>  W 

Q  =  p2-  (11) 

L 

g 

Taking  the  conductivity  of  copper  as  10°  mhos/m,  we  have  for  the  cavity  Q 

r  1 
R  =  S 


.-1 


|  =  8.26  x  10"6^  +  18.8  x  lO-6^,  for  C  =  |  =  1 


|  =  9-18  x  10~6  +  20.7  x  lO-6^,  for  f  =  g 

If  we  use  the  values  R  =  60  mm  and  5  =  1.5  mm 

Q  =  697  (  S  =  lA) 

Q  =  636  ( 5  =  1/6) 

The  distributions  of  losses  on  the  plate  surfaces  are  shown  in  Fig.  13 

where  the  small  contribution  from  c  has  been  neglected. 

£1 


The  expressions  for  the  total  losses  can  be  simplified  as  follows 
06  x  10'8  SpJ-  +  6.92  X  !0-8f)  V02  ( c  ■  1/4) 


(3- 


and 


PL  -  3.69  x  10‘8  ^  +  8.33  x  10'8^  VQ2  (C  -  1/6) 

5 

For  a  value  =  5000  v  and  the  same  dimensions  (R  =  60  mm  and  $  =  1.5  mm). 
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FIG.  12. --Schematic  representation  of  gap. 


Relative 

loss 


FIG.  13." Distribution  of  loss  density. 
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(II.  INVERTED  MAGNETRON  STRUCTURE  ) 

PL  =  4990  +  283  w  (  l  =  1/4) 

PL  =  6010  +  340  v  ( C  =  l/6) 

The  first  loss  term  is  the  plate  loss  and  the  second  the  losses  on  the 
cylindrical  portion  ( p  -  r). 

Fran  Fig.  13  it  is  obvious  that  the  losses  are  largest  near  the  central 
cylinder.  This  may  present  a  difficult  problem  for  cooling  a  high- power 
magnetron  structure.  The  problem  will  be  worst  for  small  values  of  J  , 
which  give  good  mode  separation. 

F.  MODE- SEPARATION  IMPROVEMENT 


Mode  separation  can  be  improved  by  changing  the  gap  length  as  a  function 
of  radius,  as  shown  in  Fig.  l4,  since  the  frequency  for  each  mode  changes 
differently  from  the  uniform-gap  case. 


z 


i 


FIG.  l4.--Gap  modified  for  improved  mode  separation.  r/R  =  C  , 
rl/B  =  tlf  6  «*  r. 


We  assume  as  approximate  boundary  conditions  for  the  TMQ  mode 


'8E 

z 

* 
I  , 


at  p  m  T± 
at  p  m  R 


(13) 


where  the  subscript  1  denotes  the  region  r^<  p  <  R. 

The  expressions  for  the  electric  and  magnetic  field  are  similar  to 
Eqs.  (l)  and  (2).  The  characteristic  equations  for  the  cavity  resonance  are 
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J'(x)  Ur(5. x)a  -  J ’(£.  x)p 

n  n  1 _ n  l 

RN  (£  x)a  -  N  '(?,x)P  (lM 

n  1  n  1 

where 

a  .  J  1  ( £-, x )N  (£ x )  -  J  (Cx)N  '(£  x) 
n  1  n  n  n  1 

P  -  J  (5  x)N  (Cx)  -  J  (£x)N  (£  x) 
n  1  n  n  n  l 

and  x  =  kR.  It  is  easily  seen  that  Eq.(l4)  reduces  to(2b)  for  t)  »  1  and 
k  =  0. 

For  the  case  t  «*  l/8  and  f  *  6/8,  the  resonant  frequencies  for  the 
n  ■  0  and  n  *  1  modes  were  calculated  from  Eq.  (l4)  as  a  function  n.  These 
results,  which  are  given  in  Fig.  15,  show  that  a  better  mode  separation  is 
obtained  for  small  rj  . 


FIG.  15. — Calculation  of  resonant  frequency  from  Eq.  (l4)  with 
{  ■  1/8  and  =  6/8. 
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III.  CONVENT IONAL-MAGNBTRON  ANODE  STRUCTURE 


A.  ANODE  STRUCTURE,  SYMBOLS,  AND  DEFINITIONS 

In  this  section  we  shall  analyze  the  rf  properties  of  structures  such 
as  shown  in  Figs.  l6  and  17.  These  configurations  are  of  a  conventional 
magnetron  design  where  the  anode  is  the  outer  structure.  The  configuration 
shown  in  Fig.  16  is  a  cylindrical  one,  similar  to  that  analyzed  in  Sec.  II. 
The  configuration  shown  in  Fig.  17  is  suitable  for  a  linear  magnetron 
amplifier.  A  direct  current  flowing  along  the  central  structure  can  produce 
a  dc  magnetic  field,  so  that  electrons  move  in  the  axial  direction  owing 
to  both  dc  electric  and  magnetic  fields. 

B.  RESONANT  FREQUENCY  OF  AN  INDIVIDUAL  CAVITY 


Following  the  analysis  given  in  Sec.  II  the  resonant  frequency  for  a 
unit  cavity  is  calculated  with  the  assumption  of  uniform  capacitive  loading 
to  replace  the  effects  of  the  bars  and  the  edges  at  the  inner  opening.  The 
resonant  frequency  is  determined  from  the  following  formula: 


J  ’(x)N  (£x)  -  N  *(x)J  (€x)  trC 
B(x,?)=-S - 3 - S - n -  = 

Nn(x)Jn(€x)  -  Jn(x)Nn(Sx)  0r 

where  x  =  kr  =  2Jtr/\Q,  C  =  R/r,  and  K,  is  given  by  the  same  expression  as 
in  Eq.  (3).  For  k  =  0,  the  resonance  condition  is  given  simply  by 


(15) 


Jn'(x)Nn(5x)  =  Nn’(x)Jn(?x)  (16) 

The  solutions  of  Eq.  (l6)for  n  =  0  and  n  =  1  modes  are  shown  in  Fig.  18. 
The  mode  separation  is  better  for  high  values  of  £  .  However,  this  means  a 
smaller  value  of  r  for  a  particular  R  value,  and  therefore  the  interaction 
space  for  the  electron  beam  is  limited. 

Figure  19  gives  the  relation  between  r£  and  the  rate  of  mode  separation 
for  a  fixed  resonant  frequency.  For  comparison  with  Fig.  k,  Fig.  18  is  also 
replotted  in  terms  of  kR  instead  of  kr  and  fc  =  (r/R)  instead  of  5  ■  (R/r). 
The  resonant  frequency  of  a  cavity  for  a  given  value  of  outer  radius  and 
inner  to  outer  radius  ratio  are  much  higher  ‘and  the  interaction  space  is 
smaller. 
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Cl  ITO.  l6. --Structure  for  cylindrical  oagnetron. 


I 

I 

i 


(III.  OUTER-ANODE  STRUCTURE) 


PIG.  18. — Solutions  of  Eq.  (l8)  for  K  =  0. 
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(III.  OUTER-ANODE  STRUCTURE) 


C.  MEASUREMENT  OF  RESONANT  FREQUENCIES 


Figure  20  is  a  schematic  diagram  of  the  experimental  setup  used  to  teat 
the  theory  presented  in  this  analysis.  Table  3  is  a  tabulation  of  the 
measured  results  compared  with  the  theoretically  calculated  values  of 
resonant  frequency. 
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r 
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FIG.  20. — Test  configuration. 


Table  3- — Resonant  frequencies  (in  megacycles)  for  the 
structure  of  Fig.  20. 


r 

n  » 

0  mode 

n  *  1  mode 

Mode 

(ran) 

Measured 

Calculated 

Measured 

Calculated 

Note 

separation^) 

6 

1935 

1980 

2980 

No  metal 
cylinder 

54 

10 

1975,1968 

2055 

2915,2900 

2830 

If 

>  46.8 

12.5 

2017,2027 

2080 

2820,2845 

2810 

If 

>  39-8 

15-7 

2002 ,2099 

2105 

2765,2793 

2790 

If 

>  31.7 

15.7 

1920,2082 

- 

2768,2800 

- 

With  metal 
cylinder 

>  37.6 

15.7 

1865,2070 

“ 

2785,2855 

"(somevhat 
eccentric ) 
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Measured  values  for  the  structure  are  in  'good  agreement  with  the  critically 
calculated  values.  The  metal  cylinder  has  little  effect  on  the  resonant  fre¬ 
quency  because  of  the  capacity  it  introduces.  The  next  step  in  the  measure¬ 
ments  was  to  investigate  the  effect  of  a  small  number  of  connecting  bars.  The 
results  of  these  measurements  are  tabulated  in  Table  4.  It  was  expected  that 
the  addition-  of  the  bars  would  reduce  the  n  ■  0  mode  frequency  and  improve  the 
mode  separation;  however,  the  addition  of  the  bars  did  not  produce  this  result 
as  may  be  seen  from  a  comparison  of  fferts  A  and  B  of  Table  4. 

If  a  metal  shaft  is  Inserted  along  the  axis,  it  is  expected  to  produce 
the  same  effect  as  the  bars  insofar  as  their  influence  on  the  mode  can  be 
included  in  the  equivalent  capacitance.  According  to  Table  4  the  mode 
separation  is  worse  with  the  shaft  in  place  whenever  the  value  of  R/r  is  less 
than  4  or  5>  and  the  mode  separation  is  better  if  this  ratio  is  larger.  ftie 
resonant  frequency  calculated  for  a  Type  C  structure  in  Table  4  assumes  no 
capacitive  loading  and  gives  f^  *  2500  Me  and  f^  *  3300  Me.  The  capacitance 
of  the  bars  is  thus  seen  to  cause  a  considerable  reduction  in  the  resonant 
frequency.  The  Q  of  some  of  the  cavities  was  measured  approximately  from 
the  resonant  curves.  The  Q  for  smaller  gap  lengths  was  found  to  be  the  order 
of  hundreds  and  for  larger  gap  lengths,  of  the  order  of  1000. 

D.  WTEVALKNT  CIRCUITS  FOR  LINEAR  MAGNETRON  STRUCTURE 


The  equivalent  circuit  for  the  structure  shown  in  Fig.  l6  is  the  same  as 
that  given  in  Fig.  8.  The  equivalent  loading  reactance  in  this  case  is 


eq 


(17) 


Since  the  circuit  is  the  same,  similar  phase  characteristics  for  the  two  cases 
are  expected. 

Bie  analysis  will  be  carried  out  for  the  linear  magnetron  structure 
shown  in  Fig.  17- 


1.  ANALYSIS  FOR  n  -  0  MODE.  Figure  21  gives  the  equivalent  circuit  with 
the  gap  length  assisted  to  be  much  smaller  than  a  wavelength.  The  equivalent 
inductance  for  a  unit  cell  is 


"xO  ~  2Xx 


b ^(xf) 


(18) 
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Table  4. — Resonant  frequencies  measured  with  structures  with  bars 


Schematic 
view 
of  the 
struct  ure 

(all  dimen¬ 
sions  in 
millimeters) 


Basic 

measure¬ 

ments 


Miscellaneous 

measurements 


Type  A 


Type  B 


Schematic  cross- 
section  view 


Both  probes  in 
end  cavity 


Frequencies 

measured 

n  «  0 

mode 

2205  Me 

n  -  1 

mode 

2580  Me 

fl"f0 

fo 

=  0.170 

n  -  0 

2055 

Me 

2276 

Me 

n  *  1 

2468 

Me 

2692 

Me 

n  ■  0 

2055 

Me 

(weak 

mode) 

2155 

Me 

2276 

Me 

n  -  1 

2685 

Me 

2700 

>fc 

Schematic  cross- 
section  view 


One  probe  in 
end  cavity 


n  «  0 
1918  Me 
2140  Me 
(very  . 

strong) 
n  -  1 
2405  Me 
2710  Me 


Frequencies 

measured 


n  «  0  mode 

1934  Me 

n  ■  1  mode 
2430  Me 


fl_f0 


0.257 


n  ■  0  mode 
1920  Me 
n  m  1  mode 
2400  Me 


fl'f0 


0.250 


Both  probes  in 
end  cavity 


n  -  0 

1918  Me 
2140  Me 
(faint  mode) 
n  •»  1 
2410  Me 


n  ■  0 

1918  Me  (weak) 
2112  Me 
2142  Me 
n  -  1 

2402  Me  /  .  x 

2646  Me  (weak) 
2710  Me 
2726  Me 
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Table  4  (Continued) 


Type  C 


Type  D 


Schematic  cross 
section  view 


I 


Basic 

measure¬ 

ments 


B  B 


Frequencies 

measured 


f  =  2020  Me 
f1  =  2920  Me 


\.  y  i 

B/r  =  2.5, 

6  =  9-5  mm 

Schematic  cross- 

Frequencies 

section  view 

measured 

fl‘f0 


■6  =  7-5 


=  0.446 


fQ  -  1490  Me 
f  -  1896  Me 


Vfo 


0.272 


Miscel¬ 

laneous 

Measure 

ments 


•<£ad] 


Cathode  cylinder 
13(diam. )  x  13 


without 
cylinder 
fQ  =  1854  Me 

f  -f 

=  O.545 

0 

with  cylinder 
fQ  =  1821  Me 


f  -f 
J1  I0 


*  O.566 


BIB 


fQ  =  1348  Me 
f1  =  2162  Me 


fl"f0 


O.568 


%  -  12 


10HJE 

Cathode  cylinder 
13(diao.)  x  28 


B0B 


Cathode 
cylinder 
21.5(diam.)x  30 


Cathode 
cylinder 
21.5(diam.) 
x  50  .  . 


Cathode 
cylinder 
19(Manx);«  36 


Cathode 
cylinder 
12.5  LiXettL-) 

x  30  r:r. 


Cathode  cylinder 
12.5  r.(diam.) 
x  30 

Eccentric, 

poaition 


Vf0 


0.205 


tQ  -  1380 

Vfo  „ 
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FIG.  21. — Equivalent  circuit  for  n  =  0  mode. 
The  capacitance  between  cathode  and  anode  per  section  is 

Cq  =  t  Q  A/log  (r/a) 


and  the  corresponding  inductance  is 


L0  “  “§T  log  (r/a) 


(19) 


The  phase  characteristics  for  waves  propagating  in  the  axial  direction  are 
given  by 

(20) 


cos  0=1-^ 


where  P  A  =  0  and  %  =  a)2VQ(L0  +  L^g).  The  characteristic  admittance  is 


Y  .  =  coa¬ 
ch  0 


(21) 


2.  ANALYSIS  FOR  n  =  1  MODE.  A  good  equivalent  circuit  representation 
is  more  difficult  to  obtain  in  this  because  of  the  field  distribution.  An 
equivalent  circuit  that  is  a  good  approximation  to  the  structure  is  shown 
in  Fig.  22.  The  quantity  ^  is  the  resonant  frequency  of  the  TE  coaxial 
line  mode  and  is  given  by  the  first  root  of 

^'(ka)  ^'(ka) 

Jj/Ur)  =  *1'(kr)  (2! 

where 

k  *  2*/  X  Q  a  cuc  ■y  q1 

The  effective  capacitance  is  determined  from  the  electric  stored 
energy : 
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FIG.  22. — Equivalent  circuit  for  the  n  =  1  mode. 

2 


1  c  V  2  =  ^ 

2  11  d 


(  K 
0  1 


dv 


(23) 


so  that 


C1  *  **  o^A  ‘  ^/2  log 


where  and  E^  are  respectively  the  voltage  and  field  between  the  anode 

and  cathode  for  the  n  =  1  mode.  The  circuit  of  Fig.  22  has  its  cutoff  at 
3 


co  . 

c 


The  effective  inductance  can  also  be  determined  from  energy  considerations 

(24) 

The  propagation  characteristics  of  the  circuit  are  given  by 


»Vn5  . 

Lxl  =  "ST  V  (x'  5  5 


o  l  X 
cos  0  =  1  -  g 


(25) 


where  0  ■>  P&  and  X  ■  [l  -  (o>c/a>)2J 

The  characteristic  admittance  is 


Ych  -  <*1 11  - 


(26) 


3.  HUMERI  CAL  RESULTS  AND  EXPERIMENT.  The  phase  characteristics  and 
the  characteristic  adnlttances  for  the  n  ■  0  and  n  ■  1  modes  for  the 
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structure  shown  schematically  in  Fig.  23  are  shown  in  Jig.  24  for  the  case 
€  s  R/r  =  4.  These  results  were  obtained  by  using  Eqs.  (17)  through  (26) 
smd  the  impedance  for  the  mode  from  these  equations  is  the  order  of  a  few 
tens  of  ohms. 

Selecting  an  axial  length  of  q  A  ,  where  q  denotes  the  total  nixsber 
of  sections,  we  can  predict  all  the  resonances  of  this  structure  from  the 
phase  characteristic  diagram  of  Rig.  2k.  Table  5  gives  the  results  between 
calculated  and  measured  resonant  frequencies  for  a  structure  having  six 
sections.  As  can  be  seen  there  is  good  agreement  between  the  calculated  and 
measured  values  of  the  resonant  frequency.  Hot  every  frequency  was  measured 
because  of  superposition  of  seme  modes  or  difficulty  of  excitation  of  seme 
modes. 


E.  CAVITY  LOSSES  AND  Q 


Following  the  analysis  of  Sec .  II,  we  find  the  approximate  Q  of  the 
structure  shown  in  Fig.  25  from 

'6"*f  +  3-21  x  10'6^,(«  -4) 

and 


^  -  12.6  x  10' 


^  -  10.6  x  10"6 


+  3.99  x  10'6^p  <  *  -  3) 
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Table  5- — Calculated  and  measured  frequencies  (in  megacycles). 


r  ■=  15  mm,  R/r  »  4,  a  -  12  mm,  A  «  6  mm,  5  -  1  mm,  q  ■  6 


n 

-  0 

n  ■  1 

Calculated 

Measured 

Calculated 

Measured 

2120 

2091 

2780 

2763 

2120 

2078 

2780 

2769 

2110 

2041 

2800 

2785 

2100 

1922 

2830 

2813 

2075 

2890 

1930 

3030 

Taking  R  ■  60  n  and  §  -  1 . 5  mm  we  have 

Q  -  945  (C  -  4) 

Q  -  976  ( C  -  3) 

These  <1  values  are  about  50  per  cent  higher  than  those  of  the  structures 
analyzed  In  Sec.  II.  However,  for  the  same  resonant  frequency  and  same 
r/R,  the  Q's  In  the  tvo  cases  are  about  the  same. 

The  total  losses  for  this  structure  axe 
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Relat  ive 
loss 


FIG.  26.— Loss-density  distribution  over  plate  surface. 


A^pln  we  take  VQ  - 


^21.0  x  10-8  ^5-  +  5-32  x  10-8f)v^  (€ 

( 14.3  x  10-8  ~~  +  5.36  x  lO^fJv/  (  f 

5000  v,  R  «■  60  Dm,  and  S  *  1.5  ran : 

PL  -  4270  +  109  w  (|  ■  4) 

PL  .  4430  +  126  w  ( C  -  3) 


4) 

3) 


Although  these  losses  are  smaller  than  the  values  of  Sec.  II,  it  must  be 
noted  that  they  would  be  larger  if  the  frequency  was  the  same  as  for 
structure  of  Sec.  II. 

Figure  26  gives  the  distribution  of  losses  over  the  surfaces  of  the 
plates. 
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FIG.  27. — Structure  used  for  mode- separation  improvement. 
( 5  *  R/r, .  C1  =  r-j/r,  6 <  <  r . ) 


F.  IMPROVEMENT  OF  MODE  SEPARATION 


The  method  of  Sec.  II  has  been  applied  to  the  structure  depicted  in 
fig-  27.  The  equations  for  determining  the  resonant  frequency  for  various 
values  of  t{  and  r\  are 


Vw 

V'17 


J  '({,x)a  .  J  (DID 
n  l  n  J. 


(27) 


a  =  J  (5  x)N  (fx)  -  N  (c  x)J  (ex) 

n  1  n  n  x  n 

p  -  j  -(?  x)h  (?x)  -  n  *(e  x)j  (ex) 
n  1  n  n  X  n 

where  x  «  kr. 

Table  6  gives  the  value  of  x  and  the  mode  separation  for  several 
conditions.  It  is  seen  that  the  mode  separation  is  Improved  by  a  large  i)  . 
This  has  the  disadvantage  of  a  small  r,  which  may  make  fabrication  of  the 
structure  difficult. 


G.  COMPARISON  OF  STRUCTURES  OF  SECS.  II  AND  IH 


At  a  fixed  frequency  of  1000  Me,  the  mode  separation  and  R/r  ratio  is 

given  as  a  function  of  the  interaction  space  radius  Rq  in  Fig.  28.  We  see 
that  the  mode  separation  is  always  better  for  the  inverted  magnetron  structure 

Figure  29  gives  the  mode  separation  and  R/r  ratio  as  a  function  of  the 

-  3^  - 


I 


3^5  7  10 


20  30  40 


Rq(c») 

no.  28. --Mode  separation  and  R/r  ratio  at  1000  Me  as  a  function  of  Rq. 
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Table  6.—  x  «=  2«r/X0  Tor  various  f  and  tj. 


geometric  mean  radius  R^  =  Rr.  We  see 

that  for  a  fixed  effective  size  the  conventional  magnetron  has  a  better 
mode  separation. 

IV.  ANODE- STRUCTURE  CONSIDERATIONS 

A.  REDUCTION  OP  OUTER  RADIUS 

The  structure  of  Pig.  30  is  proposed  as  a  means  of  reducing  the  size 
of  the  anode. 


z 


PIG.  30. — Proposed  reduced-size  anode. 
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This  structure  is  analyzed  for  the  n  =  0  node  with  the  assumption  of 
R>  >  S  and  of  the  boundary  conditions  of  continuous  voltage,  and  current  at 
z  =  0,  p  «s  R.  The  resonant  frequency  is  determined  by 


S2 

57  tan  P0Z0 


-  V(V)Jo(f3oR) 

V(  W(poR)  -  Jo,(por)No,(poR) 


(28) 


where  =  o>  q  •  Table  7  gives  the  results  for  both  the  n  <=  0  and 

n  m  1  modes. 


Table  7* — 2itr/  X. 

0  (=  Sr)  for  R/r  =  2 

V\>/r 

1 

n 

2 

1 

2 

1 

1.20 

0.875 

0.575 

0 

2 

0.965 

O.696 

0.470 

3 

0.835 

0.605 

0.405 

1 

*wl.4 

*vl.l 

•w  O.76 

1 

2 

~1.2 

~  0.9 

~  O.67 

3 

**1.06 

~  O.78 

0.55 

An  experimental  structure  with  r  =  26  mm,  R/r  =  2,  z-^/r  *  1,  5g  =  3  mm, 
and  5^  =  1.5  mm  was  used  to  test  the  calculated  results.  The  measured  fre¬ 
quencies  were  1305  Me  (n  ■>  0)  and  1752  Me  (n  ■  l).  The  calculated  values 
were  1286  Me  (n  =  0)  and  1645  Me  (n  =  l). 

B.  MAGNETRON  STRUCTURE  WITH  LARGE  MODE  SEPARATION 

The  conventional -magnetron  structure  shown  in  Pig.  31a  has  good  mode 
separation.  The  structure  shown  in  Fig.  31b  is  one  half  of  a  simplified 
version  of  the  structure,  suitable  for  calculation  of  frequencies. 

The  lower  resonances  are  given  by 

2b 

tan  -  -J  cot  xQSx  (29) 

and 
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y 


(a)  (b) 

FIG.  31.— Structure  with  improved  mode  separation:  (a)  proposed 
model  (length  z$  along  axis);  (b)  simplified  model  (open-ended 
at  2*  i  Zq/2). 


0 


The  lowest  frequency  is  given  by  0^  «=  0.  The  results  from  these  equations 
are  given  in  Table  8  and  as  can  be  seen  the  mode  separation  is  the  better 
the  shorter  z^.  Values  of  100  per  cent  or  more  are  easily  obtained.  However, 
this  structure  is  not  satisfactory  for  high-power  operation. 


■ 

■ 

Table  8.— Resonant  frequencies  in  terms  of  0a. 

jb 

b 

0  = 

e* 

0s  =  0 2 

*  *  2/W* 

Mode  Separation 

a 

5 

First  mode 

Next  mode 

V*  -  1 

CM 

■ 

5 

USBB 

mm 

H 

1 

0.725 

mgrm 

139  i 

■SCI 

■ 

2 

0.826 

II 

ll 

1 06% 

mm 

1 

0.528 

1.66 

mem 

c. 

2 

0.611 

B9 1 

1.68 

■S3 

90.  ii 

mSM 
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C.  OUTER- CATHODE  ANODE  STRUCTURE  WITH  SHORT-CIRCUITING  BARS  ALONG  OUTER  EDGE 


Inside  the  cavity  of  Fig.  32,  the  fields  are  given  by  the  following 

expressions :  ,  I  z 

-  R  - 4 


Bars 
(diam.2a) 


Gap  length 


FIG.  32. — Anode  structure  with  outer  short-circuiting  bars. 

Ez  =  EQJ0(kp)  cos  n 0  (i 

where  k  ■  2*/  and  X.^  is  the  wavelength  in  free  space  for  the  nth  mode. 


J  ^  JnM  sin  n0  =  -  J  ^  J^ip)  sin  n 0 


^0  =  -  J  Jn'(fcp)  COB  n0  *■  -  J  ~  1  (kp)  cos  n 0 

The  capacitance  between  two  adjacent  bars  and  the  inductance  for  each 
baa*  are  assuned  to  be  given  by 


xS-ifo  kR _ 


Since  the  boundary  condition  is  taken  as 


-  JooC  + 


-  kO  - 


/ 
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we  obtain,  from  Eqs.  (28)  through  (3°)> 

J  '(kR)‘  2 xS  T  b  /  !  0-1  «52  kR 

-rnsr  ■  -  —  L1o«  I t4n  (“  S  D  *  TB  l08[(d  +Vd5  -  i»5)'/a] 


Sene  numerical  results  derived  from  Eqs.  (31)  are  shown  in  Table  9* 


Table  9-  — 

Results  for  Fig. 

32. 

1 

b 

d 

d 

R 

0 

Vi 

1 

1 r" 

Vh 

R 

a 

a 

5 

5 

k0R 

kiR 

f0 

1 

E 

1.56 

2 

2.5 

12 

2.28 

3.58 

0.57 

1 

S 

2 

2 

4 

20 

2.14 

3.30 

0.54 

1 

10 

2 

2 

1 

10 

2.40 

3.83 

0.60 

(33) 


D.  CYLINDRICAL  CAVITY 

Seme  experiments  in  this  Laboratory  have  made  use  of  the  TE-mode 
structure  depicted  schematically  in  Fig.  33-  The  resonant  frequencies 
of  this  structure  are  given  by 

Jn'(kR)  =  0  (34) 

For  the  n  ■  0  node  the  frequency  separation  is  20.3 %  assuming  no  variation 
of  the  fields  along  the  axis.  To  realize  this  situation  in  practice,  end 
cavities  such  as  shown  in  Fig.  34  must  be  used.  The  dimensions  of  the  end 
cavity  are  obtained  by  solving  Maxwell's  equations  subject  to  the  boundary 

condition  of  J *0/  *0  WM  f°r  0  —  P  —  ftnd  K0  *  0  for 

R  <  p  <  at  the  plane  z  ■  0.  The  expression  for  at  z  ■  0  is 

00 

s0  ■  T,  Vi(v) 

8*1 
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Anode  bare 


'mmjjmumtmmummmjj 


Cathode 

End  cavity 
Main  cavit^ 


FIG.  33- — TE-mode  structure. 
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FIG.  34. --End  cavities  for 
TE-mode  structure. 


.  S  Ho 

-  Jll  —  — 


•0  v  j8*uA) 


R 

j' 


(35) 


where  k^R^  are  the  roots  of  J^(x)  =  0. 

Matching  only  the  first  term,  the  approximate  cavity  dimensions  are 


(tf-T 


68(R1/R)‘ 


(R1/Rr  - 1 

The  matching  condition  for  the  s-th  mode 


(36) 


uf .  i  It  *  ‘f  !V!j! 

W  (k^)2  (^R)2  -  1 


(37) 


where  m  is  an  integer. 


V.  CONCLUSIONS 


Resonant  frequencies  and  mode  separation  have  been  determined  for 
a  conventional  and  for  an  inverted  magnetron  structure.  These  structures 
were  chosen  for  their  desirability  as  high-power  magnetron  circuits  from 
the  point  of  view  of  having  the  largest  possible  interaction  volume. 

It  is  shown  that  the  circuits  proposed  here  have  a  better  mode 
separation  than  conventional  structures  such  as  the  "rising  sun." 

The  structures  proposed  are  easier  to  fabricate  than  conventional 
circuits. 
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